Background: We aimed to assess RET proto-oncogene polymorphisms in three different Iranian families with medullary thyroid cancer (MTC), and performed molecular dynamics simulations and free energy stability analysis of these mutations. Materials and Methods: This study consisted of 48 patients and their first-degree relatives with MTC confirmed by pathologic diagnosis and surgery. We performed molecular dynamics simulations and free energy stability analysis of mutations, and docking evaluation of known RET proto-oncogene inhibitors, including ZD-6474 and ponatinib, with wild-type and mutant forms. Results: The first family consisted of 27 people from four generations, in which nine had the C.G2901A (P.C634Y) mutation; the second family consisted of six people, of whom three had the C.G2901T (P.C634F) mutation, and the third family, who included 12 individuals from three generations, three having the C.G2251A (P.G691S) mutation. The automated 3D structure of RET protein was predicted using I-TASSER, and validated by various protein model verification programs that showed more than 96.3% of the residues in favored and allowed regions. The predicted instability indices of the mutated structures were greater than 40, which reveals that mutated RET protein is less thermo-stable compared to the wild-type form (35.4). Conclusions: Simultaneous study of the cancer mutations using both in silico and medical genetic procedures, as well as onco-protein inhibitor binding considering mutation-induced drug resistance, may help in better overcoming chemotherapy resistance and designing innovative drugs.
Introduction
Thyroid cancer is the most predominant neoplasm of endocrine system and is responsible for around 1% of human malignancies (Nikiforova et al., 2008) . Medullary thyroid carcinoma (MTC) is account for 5-10% of all thyroid malignancies, which is originated from the parafollicular C cells of the thyroid (Othman et al., 2009; Matias-Guiu et al., 2013) .
MTC may occur sporadically or as part of the inherited cancer syndrome multiple endocrine neoplasia type 2 (MEN 2), which is classified into three clinically distinct subtypes: MEN 2A, MEN 2B, and familial MTC (FMTC) (Kouvaraki et al., 2005) . MEN 2 syndromes are inherited as an autosomal dominant condition and therefore, 50% of the patient's first-degree relatives are at risk of carrying the mutated gene.
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Patients with MEN 2A develop MTC, primary hyperparathyroidism (PHP), and pheochromocytoma (PHEO), hence MEN 2B patients are at risk for MTC, PHEO, mucosal neuromas, ganglioneuromas of the digestive tract, or skeletal abnormalities (Punales et al., 2004) . In almost all cases, activation of the RET protooncogene is known as the cause of the MEN 2 syndromes. The germline mutations in MEN 2A syndromes have been described in RET proto-oncogene exons 5, 8, 10, 11, 13, 14, and 15 (Kouvaraki et al., 2005) . Mutations in MEN 2A syndromes exclusively affect cysteine residues in the extracellular domain (Mulligan et al., 1995) , which create an unpaired residue and finally result in constitutive activation of the signaling pathway (Santoro et al., 2004) . However, most of the MEN 2A cases have mutations of one of the conserved cysteine residues at codons 609, 611, 618 and 620 in exon 10 and codon 634 in exon 11in the extracellular domain of RET (Eng et al., 1996) .
We observed the RET proto-oncogene polymorphism in three different Iranian families with MTC, and performed molecular dynamics (MD) simulations and free energy stability analysis of these mutations. However, we have also performed MD simulations, docking and binding free energy evaluations of the known RET proto-oncogene inhibitors binding with the wild-type and mutants form.
Materials and Methods

Study design and population
This prospective study consisted of 48 patients and their first-degree relatives with the MTC evidence confirmed by pathologic diagnosis and surgery. This research was approved by the Ahvaz Jundishapur University of Medical Sciences Ethical Committee. All participants gave written informed consent to take part in the study under the Declaration of Helsinki.
DNA preparation, PCR and sequencing
Following the approval of the local ethics committee of Ahvaz Jundishapur University of Medical Sciences, peripheral blood samples were obtained. Genomic DNA was isolated from peripheral blood of the patients, their parents and several normal individuals using the QIAamp DNA Mini Kit (QIAGEN Inc., Valencia, CA. USA) based on the manufacture's instruction. All coding exons of hot spot RET proto-oncogene and the flanking intronic regions were amplified by polymerase chain reaction (PCR). Then all PCR fragments were sequenced using designed primers, containing RET exon 10, the following primers were used: (10F 5'GCGCCCCAGGAGGCTGATGC3') and (10R 5'CGTGGTGGTCCCGGCCGCC3'). The RET exon 11 was amplified using following primers: (11AF 5'CCTCTGCGGTGCCAAGCCTC3') and (11AR 5'CACCGGAAGAGGAGTAGCTG3') (Hedayati et al, 2006) .
The reaction mixture (30μl) contain 2μl of genomic DNA, 1μl of each upstream and downstream primer (diluted to 10μmol/L), 11μl of ddH2O, 15μl of 2×Taq PCR Master Mix (Qiagen Inc.) were used. PCR were implemented as denaturation at 95ºC for 3min, followed by 40 thermal cycles composed of 94ºC for 30 sec, at 55ºC for 30 sec, and at 72ºC for 45 sec for each. Besides, the amplified products were isolated by electrophoresis on a 1% agarose gel and then purified using the QIAamp purification kit (Qiagen Inc.), and the nucleotide sequence was determined by direct sequencing using an ABI 310 automatic sequencer according to the manufacturer's instructions (Applied Biosystem, Foster City, CA, USA).
Modeling of wild-type and mutant RET
Proteins: Wild-type human RET protein sequence was RETrieved from UNIPROT (entry: P07949). Homology modeling of the wild-type and mutated proteins were generated by MODELLER 9 (Sali et al., 1993) . Hence, the predicted models by MODELLER were of poor quality with inappropriate folded conformation as a good quality model, they could not be obtained even by using multiple templates. Moreover, we modeled RET protein segment which consists of 1114 amino acid residues by I-TASSER server (Zhang, 2008) . For the submitted sequences, five 3D models were obtained and considering the lowest energy the best model was selected. Furthermore, the mutant structures were made as a point mutations in native proteins at C.G2901T (P.C634F) (cysteine to phenylalanine), C.G2901A (P.C634Y) (cysteine to tyrosine) and C.G2251A (p.G691S) (glycine to serine) using SPDB viewer (Kaplan et al., 2001 ). The wild-type and mutant structures were energetically optimized by applying the all atom OPLS force field available under the GROMACS 4.5 package (Pronk et al., 2013) . The quality of wild-type and mutated model structures was verified using the PROCHECK (Laskowski et al., 1996) , Verify 3D (Bowie et al., 1991) , ERRAT (Colovos et al., 1993) , and PROSA (Wiederstein et al., 2007) programs. The physiochemical properties of wild-type and mutated proteins were computed using Expasy ProtParam tools.
Mutant and wild-type docking experiments
The modeled structures were cleaned; water and ions removed, structures energy was minimized, and flexibility set for side chains and protonation of nonpolar residues using AutoDock Tools (Cosconati et al., 2010) . The structure of ligand molecules vandetanib (ZD-6474:DB05294), a novel targeted therapy for the treatment of metastatic or locally advanced medullary thyroid cancer (Ton et al., 2013) , and ponatinib (AP24534: DB08901), a novel potent inhibitor of oncogenic RET mutants associated with thyroid cancer (De Falco et al., 2013) , was RET rieved from PubChem, Drug Bank and the energy minimized in PDB files using Marvin Draw program, with the flexibility and protonation status set. Docking was performed with 1000 conformations of the RET wild-type and mutants, and the results were analyzed and rendered in PyMOL. The final dock energy and estimated free energy charge of binding were calculated using the following formulas: Estimated free energy charge of binding (∆G)=final intermolecular energy+torsional free energy of ligand
Free energy simulations
Calculations of the RET protein stabilities, binding free energy using AMBER force field (Wang et al., 2004) , and the solvation energy term based on the continuum generalized Born and solvent-accessible surface area (GB/ SA) solvation model (Srinivasan et al., 1998; Kollman et al., 2000) , were done. The MM-GBSA model typically was used in free energy simulations according to the previous studies (Verkhivker et al., 2002; .
Protein stability calculations
The destabilization effects of the selected RET mutations and the protein stability change upon these mutations were computed. For this purpose three different tools were used, including CUPSAT (Parthiban et al., 2006) , FOLDx (Schymkowitz et al., 2005) , MM-GBSA free energy calculations (Kollman et al., 2000) , Mupro (Cheng et al., 2006) , and SDM, a server for predicting effects of mutations on protein stability and malfunction (Worth et al., 2011) . DOI:http://dx.doi.org/10.7314/APJCP.2014 .15.5.2027 
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Results
Initial genetic analysis
We have analyzed the coding region of RET protooncogene in 45 Iranian patients with MTC from three different families. We observed three mutations previously reported, which were present in heterozygosity in exon 11, including C.G2901T (P.C634F), C.G2901A (P.C634Y), and G961S. Family one consisted of 27 people from four generations, in which 9 have the C.G2901A (P.C634Y) mutation (Figure 1 ). The second family has an obviously negative family history for relevant thyroid disorders and hypertension. The study included six individuals from two generations. We observed one mutation previously reported, which were present in heterozygosity in exon 11, in family consisted of six people, in which three have the C.G2901T (P.C634F) mutation (Figure 2 ). Third family included 12 individuals from three generations. From the second generation two people have the history of MTC, but the mutation was not observed because they were not alive in time of observation. We observed one mutation previously reported, which were present in heterozygosity in exon 11, in family consisted of 12 people, in which five have the C.G2251A (P.G691S) mutation (Figure 3 ).
Homology modeling of the RET and model validation
Though, the 3D structures of RET protein have not been reported in RCSB PDB Data bank, the available models (PDBID: IXPD, residues 1-340, and PDBID: 2IVS, residues 713-1112) have not included our mutations sites (residues 634 and 691). Then, 3D model of RET protein (UNIPROT entry: P07949) was predicted by homology modeling using MODELLER 9.10 with multiple templates. The obtained 3D models were of poor quality with inappropriate folded conformations. Therefore, the automated 3D structure of RET protein was predicted based on the sequence-to-structure-tofunction model using I-TASSER ( Figure 4A ). Using different protein model verifications programs showed more than 96.3% of the residues were found to be in favored and allowed regions, which validate the quality of homology model ( Figure 4B ). The overall G-factor for selected model was found to be-0.39 which is greater than the acceptable value -0.50, and therefore suggested that modeled structure is acceptable. The modeled structure was also validated by Verify 3D which assigned 51.57% had anaveraged 3D-1D score has >0.2 for the modeled protein. The secondary structure of target protein RET has mixed secondary structures, including alpha-helices, beta-strands and coils ( Figure 4C ). ERRAT2 shows 95.6% overall quality factors indicating good resolution structure. However, quality of the model were compared to reference structure of high resolution obtained from X-Ray crystallography analysis through Z score, which was-6.51 showing the possibility to be a better model.
The physiochemical properties of wild-type and mutated proteins were computed and the data presented. The computed isoelectric point (pI value) of protein determined as 6.17 (pI<7, revealing the acidic nature of the wild-type and mutated RET proteins). The predicted Instability index of the mutated structures were greater than 40, which reveals that mutated RET protein is less thermo-stable compared to the wild-type form (Instability index of a protein smaller than 40 makes it stable while more than 40 considered as unstable). But, the aliphatic index of RET protein was high (82.25), which reveals that this protein may be stable for a wide range of temperature. The grand average of hydropathicity index was very low and slightly different between wild-type and mutated structures, which infer that these proteins could result in better and different interactions with, water.
The predicted models (wild-type and mutated) were flexibly docked with two ligands (ZD-6474 and ponatinib), where out of ten poses produced, the best ligand pose was selected based on top score and the target structure was chosen for further analysis. Docking results of ZD-6474 and wild-type structure indicated that amino acid residues (GLU 337, ASP 353, ARG 355, GLY 453, PHE 646, and LEU 1018) in the RET protein play an important role in maintaining a functional conformation and directly involved in ligand binding ( Figure 5A ), while in the C.G2901A (P.C634Y) mutation, amino acid residues (GLU 337, ASP 353, ARG 355, ALA 458, PHE 646, and LEU 1018) in the RET protein p lay This role ( Figure 5B ). In case of docking this ligand in the C.G2901T (P.C634F) mutated structure these amino acid residues were slightly changed (ASP 353, ARG 355, GLY 453, PHE 646, TYR 1015 and LEU 1018) ( Figure 5C ), hence, forC.G2251A (P.G691S) mutated RET protein the amino acid residues were ARG 355, TYR 461, VAL 642, SER 645, TYR 1015 and LEU 1018 ( Figure 5D ).
Besides, Docking results of ponatinib and wild-type structure indicated that amino acid residues (GLU 337, ARG 355, GLY 453, GLU 459, PHE 646, and LEU 1018) in the RET protein play an important role in maintaining a functional conformation and directly involved in ligand binding ( Figure 6A ), while in the C.G2901A (P.C634Y) mutation, amino acid residues (VAL 331, GLU 337, ARG 355, GLU 337, ARG 368, VAL 454, ALA 458, GLU 459, and PHE 646) in the RET protein play This role ( Figure  6B ). In case of docking this ligand in the C.G2901T (P.C634F) mutated structure these amino acid residues were GLU 337, ARG 355, GLU 337, ARG 368, VAL 454, ALA 458, GLU 459, and PHE 646 ( Figure 6C) , hence, forC.G2251A (P.G691S) mutated RET protein the amino Figure 6D ).
Although the ZD-6474 and ponatinib inhibitors make hydrogen bonds with wild-type and mutated structures, the size of the side chain at this position is important in controlling access to the binding pocket. Indeed, simulations with the C.G2901A (P.C634Y) RET mutant suggest a more tightly bound conformation of the both inhibitors (Table 1) . These changes may only partially improve the intermolecular inhibitor interactions. In contrast, C.G2251A (P.G691S) mutations may interfere with binding the inhibitor and render resistance to both inhibitors.
Indeed, C.G2901A (P.C634Y) and C.G2901T
(P.C634F) RET mutations, which have the oncogenic activity, may result in the largest destabilization effect on the inactive kinase structure (Table 2 ). In contrast, the transforming potential of RET mutations at G691 positions is known to be very small, so it may has stabilizing effect on the kinase structure (Table 2) .
Discussion
Mutations in the hot spot exons of the RET protooncogene and the disease phenotype-genotype have been well studied, allowing prediction of the clinical manifestations of specific mutations in MEN 2A (Eng et al., 1996) . Here, we report the identification of a case of MEN 2A associated with C.G2901T (P.C634F), C.G2901A (P.C634Y) and G691F RET sequence alteration, as well as modeling the RET protein, assess the stability change due to mutations, and observing the effect of mutation on inhibitors binding.
Studies on white populations with hereditary MTC showed different RET proto-oncogene mutations in various populations and ethnic groups, for example, the largely main mutation in Spain and France was at codon 634 (Schuffenecker et al., 1998; Robledo et al., 2003) . In Italy the highest and the lowest mutation rates of RET proto-oncogene mutation were belong to codons 804 and 634 in familial MTC, respectively, and in sporadic from was mutation at codon 918 (Pinna et al, 2007; Saggiorato et al., 2007) . In Portugal and Czech Republic, the most common mutation was codon 918 for the sporadic form of MTC (Zedenius et al., 1994) . In USA the most common mutation in this gene was at codon 634 in patients with hereditary MTC (Moura et al., 2009) . In Iran and China also the highest genetic variation and mutation was reported at codon 634 (Zhou et al., 2007; Hedayati et al., 2011) . Thus, it seems that mutatio.n of codon 634 is the most common RET proto-oncogene mutation in MTC.
Codon 634 of RET proto-oncogene is coding for one of five cysteine residues of the extracellular part of the RET protein, and missense mutation at this codon is the one most frequently associated with MEN 2A syndrome (Mulligan et al., 1995) . Specific nucleotide and amino acid exchanges at codon634leads in ligand-independent receptor dimerization and auto-phosphorylation, converting the mutated allele to a dominant transforming gene (Asai et al., 1995) , and might have a direct impact on tumor aggressiveness in MEN 2A syndrome (Punales et al., 2003) . Previously, it has been clearly suggested that C.G2251A (P.G691S) mutation of the RET is related to the early appearance of symptoms in MEN 2A patients; therefore, it is not oncogenic per se (Borrello et al., 2011) , and may consider as a low penetrance gene or genetic modifier that associates with a small to moderate increased risk for developing a MTC (Robledo et al., 2003) . Our results of mutation-based stability change in RET, showed C.G2901A (P.C634Y) and C.G2901T (P.C634F) mutations as destabilizing, hence C.G2251A (P.G691S) mutation as stabilizing factor. The possible reason is that Cysteine 634 is located at cysteine-rich region; while Glycine 691 is placed on transmembrane domain of RET protein.
Recently, Some researchers revealed that mutationinduced drug resistance may significantly impair the potency of the inhibitors in various cancers treatment, thus in silico and bioinformatics tools can provide powerful and efficient techniques in investigating drug resistance (Segbena et al., 2012; Brady et al., 2013; Wang et al., 2013) . Although the RET-targeting agents ZD-6474 and ponatinib have improved the survival of patients with MTC, resistance to these targeted therapies is remaining as a major challenge (De Falco et al., 2013; Ton et al., 2013) . Ponatinib is a tyrosine kinase inhibitor that is tested on RET oncogenic activity, in which the results showed that it is a useful inhibitor in a RET mutation-induced resistance via blunting mutant phosphorylation and rearranged RET onco-protien (De Falco et al., 2013) . Our result was in consistency and showed better binding affinity and final docking energies for ponatinib compared to the ZD-6474. Dixit et al. (2009) studied the impact of M918T in RET located on tyrosine kinase domain, dynamics, and stability using homology modeling, molecular dynamic and simulation procedures, as well as docked ZD-6474 and assessed the effect of this mutation on drug binding fashion. They showed that structural mapping of RET oncogenic mutations and the observed protein stability changes using in silico methods suggested that these mutations tend to have the greatest destabilization effect on the RET protein structure (Dixit et al., 2009 ). Anders et al investigated the structural organization of the RET cadherin-like domain using in silico, mutagenesis, and binding studies. They claimed that cadherin-like domain of RET, which modeled by in silico methods represent valuable tools to guide future site-directed mutagenesis studies aimed at identifying residues involved in ligand binding and receptor activation (Anders et al., 2001 ).
In conclusion, the prevalence of RET proto-oncogene mutations is relatively high in Iranian patients with MTC, so that in these patients, genetic studies are necessary. In silico, and computer-aided molecular dynamic and simulations of the mutations in the RET proto-oncogene have allowed scientist to study the impact of these mutations in altering the protein structure, dynamics, and stability more efficiently. Also, simultaneous study of the cancer mutations using both in silico and medical genetic procedures, as well as study the onco-protien inhibitors binding fashion considering the mutationinduced drug resistance may help in better overcoming the chemotherapy resistances and designing innovative drug discovery in cancer research. The functional effect of a structurally important mutational hotspot in the RET proto-oncogene, shared by C.G2901T (P.C634F), C.G2901A (P.C634Y) and C.G2251A (P.G691S), has been interp RETed by simulating the differential effect of these mutations. We have found that mechanistic basis of the activating RET cancer mutations may be driven by an appreciable free energy destabilization or stabilization depending on the mutated amino acid. The computed protein stability differences between the wild-type and cancer mutants may provide a molecular rationale of the observed phenomenon.
